To improve poultry waste management, the feasibility of enabling efficient anaerobic digestion of poultry manure through reduction of ammonia accumulation is examined. This study employs struvite precipitation to control ammonia accumulation, and focuses on the efficacy of ammonia removal under neutral reaction conditions (pH = 7). The impacts of phosphate and magnesium additives, pH, temperature and the N:Mg:P molar ratio are quantified. Magnesium chloride (MgCl 2 ·6H 2 O) and monopotassium phosphate (KH 2 PO 4 ) are shown to be the most efficient combination of additives for total ammoniacal nitrogen (TAN) reduction of poultry manure leachate under neutral reaction conditions (pH = 7), demonstrating a TAN reduction of 90.3%. Modification of molar ratios (NH 4 :Mg:PO 4 ) evidenced no significant benefit 88
Introduction
Global consumption of poultry products is staggering: 20.9 billion chickens, 1.19 billion ducks and 460 million turkeys were consumed in 2013 (FAO, 2015) . Further, the rate of poultry manure production has escalated rapidly over the last decade. Worldwide consumption of chicken products has increased at a rate of 2.5% per year from 2000 to 2013 (FAO, 2015) . Given that chickens typically produce 2 kg of manure over their lifecycle, worldwide chicken manure production was approximately 41.8 million tonnes in 2013. The implications of poultry manure production are substantial since improper poultry waste management practices may have severe environmental impacts, including: groundwater contamination, contaminated surface water runoff and the attraction of insects, rodents and other pests (Sakar et al., 2009) . Anaerobic digestion (AD) is an attractive waste management solution, capable of mitigating many of the aforementioned waste management issues as it produces more stable digested manure.
While desirable, AD of poultry waste is challenging. Poultry manure contains a higher proportion of biodegradable organic matter than other livestock manures and is, therefore, a highly desirable substrate for AD (Abouelenien et al., 2009 ). However, the high nitrogen content (3-5% N dry weight) of poultry manure, caused primarily by the high concentration of uric acid, commonly results in the accumulation of ammonia, also termed ammonification, during AD. Total ammoniacal nitrogen (TAN) is produced by the degradation of nitrogenous compounds. Compounding the issue of TAN accumulation, is the absence of any prevalent anaerobic mechanism for the degradation of TAN in manure-based systems (Bilgili et al., 2007) . Hence, TAN accumulates throughout the AD process, resulting in the inhibition of anaerobic archaea and reduced biogas yield, as currently practiced.
Ammoniacal nitrogen is present in two forms: ammonium ions
(NH )
+ and free/unionised ammonia (NH 3 ), also termed free ammoniacal nitrogen (FAN). The fraction of FAN is influenced by temperature and pH [see equation (1)]. FAN is toxic to methanogenic archaea, primarily due to cell membrane permeability (Chen et al., 2008) . Therefore, reduction of FAN during AD delays process inhibition and results in more efficient digestion. The concentration of FAN, and thus toxicity, can be reduced by decreasing temperature and pH, or by removing TAN from the digester. A common method employed for TAN reduction in wastes is by struvite precipitation.
( ) 
Struvite, also termed magnesium ammonium phosphate hexahydrate (MAP, or NH 4 MgPO 4 ·6H 2 O) is a mineral that precipitates with a distinctive orthorhombic structure (Doyle and Parsons, 2002) . Struvite was first identified in 1939 as nuisance scale inside pipes transporting wastewater (Rawn et al., 1939) . Magnesium, phosphate and ammonium precipitate in a stoichiometric ratio of 1:1:1 to form struvite [see equation (2)]. Since poultry manure typically contains higher concentrations of ammonium than magnesium or phosphates, magnesium and phosphate must be added to obtain a stoichiometric ratio suitable for struvite precipitation. 
Struvite is soluble in acidic solutions but precipitates in alkaline solutions, with optimal precipitation reported as occurring at a pH between 8 and 10.5 (Buchanan et al., 1994; Tunay et al., 1997; Burns et al., 2001; Altinbas et al., 2002; Doyle and Parsons, 2002; Yetilmezsoy and Sapci-Zengin, 2009; Jordaan et al., 2010) . Although hydrogen ions are not directly involved in the precipitation reaction, they impact the activities of 4 NH + and 3 4 PO − (Yilmazel and Demirer, 2011) . Struvite precipitation is also affected by the degree of additive supersaturation (magnesium, phosphate) as well as temperature (Doyle and Parsons, 2002) . The chemical composition of the waste being treated, as well as the presence of an array of ions (e.g., calcium, potassium), impacts the purity and hardness, and thus the economic value, of the struvite produced (Yilmazel and Demirer, 2011) . The co-precipitation of calcium carbonate (Jordaan et al., 2010) and calcium phosphates (Huchzermeier and Tao, 2012) has been observed during struvite precipitation studies. High calcium and alkalinity levels hinder struvite precipitation due to the formation of co-precipitates (Huchzermeier and Tao, 2012) . Struvite is a valuable fertiliser, due to its low solubility in water, and thus slow release of nutrients, thereby reducing the potential of fertiliser burn (Yilmazel and Demirer, 2011) .
Multiple studies have been conducted on the precipitation of struvite from an assortment of wastes including: calf manure (Siciliano and Rosa, 2014) , dairy manure (Huchzermeier and Tao, 2012) , pig manure (Ren et al., 2010) , swine manure (Jordaan et al., 2010) , methane fermentation effluent (Lei et al., 2006) , molasses-based wastewater (Celen and Turker, 2001) , landfill leachate (Ozturk et al., 2003) , poultry manure (Zhang and Lau, 2007; Field et al., 1985) , poultry manure digestate (Yilmazel and Demirer, 2011) and poultry manure wastewater (Yetilmezsoy and Sapci-Zengin, 2009) .
Although several studies have been conducted on struvite precipitation from poultry manure and other poultry waste byproducts, the majority of these studies (Field et al., 1985; Yetilmezsoy and Sapci-Zengin, 2009; Yilmazel and Demirer, 2011) focus on nutrient recovery from poultry manure waste products post-digestion, or the reduction of ammonia emissions during waste treatment (Zhang and Lau, 2007) . The focus of the assessment contained herein is to enable more efficient AD by implementation of struvite precipitation concurrent with digestion. Although nutrient recovery and economic viability are also positively affected by struvite production, these benefits are not the primary objectives of this study.
Assessing the efficacy of struvite precipitation in a neutral pH range, in contrast to the commonly reported optimum pH of 9, is an important facet of this study. Previous research on struvite precipitation from poultry manure has focused on the efficiency of precipitation at pH values in the alkaline range (Yetilmezsoy and Sapci-Zengin, 2009; Yilmazel and Demirer, 2011) . Employing neutral pH conditions during struvite precipitation provides two major benefits with respect to the treatment of AD leachate:
1 The supernatant obtained post-precipitation requires no pH balance before return to the digester. If alkaline conditions are employed, the leachate must be neutralised post-treatment to avoid disturbing the microbial consortium prior to return to the digester. The requirement for additional pH balance adds cost and complexity.
2 The fraction of TAN that is not removed through struvite precipitation is predominantly in an ionised form, and therefore less toxic to methanogenic archaea. At mesophilic temperatures (~35°C), 1.25% of TAN is un-ionised at a pH of seven [see equation (1)]. Comparatively, at a pH of eight, 11.25% of TAN is un-ionised. Therefore, the concentration of FAN is approximately ten times higher at a pH of eight than a pH of seven (at mesophilic temperatures). Hence, toxicity is greatly reduced when employing neutral conditions for ammonia removal.
Given the advantages associated with poultry manure leachate treatment under neutral conditions, assessment of struvite precipitation is warranted. The experiments contained herein evaluate various magnesium and phosphorous amendments, the impact of the N:Mg:P molar ratio, as well as the impact of pH and temperature, on struvite precipitation from poultry manure leachate.
Materials and methods
Poultry manure (PM) leachate for all trials was sourced from bench-scale mesophilic (35°C ± 1°C) anaerobic leaching bed reactors (ALBRs), operating at 20% total solids (TS). The ALBRs consisted of 500 ml serum bottles with removable caps and rubber stoppers to provide an airtight seal whilst allowing gas collection with a 21-gauge syringe. PM was housed in an internal filter (400 micron nominal pore diameter), which provides a means of retaining the majority of solids and anaerobic archaea while allowing leachate, along with the majority of TAN, to pass through. Leachate collects at the bottom of the bottle [denoted leachate collection zone (see Figure 1) ]. A perforated riser elevates the filter, and manure, out of the leachate collection zone to maintain homogeneity of the substrate. The riser is perforated to allow leachate to pass through unobstructed. Leachate is manually re-circulated daily to distribute nutrients, maintain moisture content, and dilute localised inhibitory substances. All digesters employed an inoculum:manure ratio of 2:1. PM has no naturally occurring methanogenic archaea and therefore requires sufficient inoculation to induce digestion. Notes: An internal filter (400 micron nominal pore diameter) is employed to retain solids and allow leachate to be collected. A perforated riser is utilised to retain the substrate above the leachate collection zone.
Leachate parameters [total solids (TS), volatile solids (VS), pH, alkalinity, chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen (TAN), total phosphorous (TP) and orthophosphate (O-PO 4 )] were characterised utilising standard methods (2540B, 2540E, 4500-H+, 2320B, 5220D, 4500-Norg(B), 4500-NH3D, 4500-P, 4500-P(E), respectively) (APHA, 2005). Leachate was centrifuged and filtered (40 μm) prior to precipitation trials; to allow precipitate yield to be accurately characterised without interference from particulate matter. During full-scale operation, leachate would not be centrifuged and filtered, as these processes add cost and complexity. However, these procedures were employed herein to allow quantification of precipitate yield. Precipitation reactions were assessed at room temperature (22 ± 2°C). Leachate was agitated at 300 rpm using a magnetic stirrer. Magnesium and phosphate precipitants were added in stoichiometric relation to the TAN present within the leachate. After magnesium and phosphate addition, the pH of the solution was adjusted using 5 N and 1 N NaOH. The solution was agitated for an additional 30 minutes after pH adjustment and then the precipitate was allowed to settle for one hour. After settling, supernatant samples were collected for analysis and the precipitate was dried at 105°C and weighed, utilising an analytical balance (Denver Instrument TP-401). The precipitate was dried to ensure removal of all moisture prior to mass determination. Kurtulus and Tas (2011) noted that drying the precipitate results in the crystalline struvite to become x-ray amorphous. Therefore, drying would not be employed on a full-scale.
All data presented herein are reported in reference to initial leachate volumes (i.e., dilution effects of magnesium and phosphate solutions, as well as NaOH addition, are considered, and variances due to these dilutions are accounted for).
Initial trials were employed to determine the efficacy of various magnesium and phosphate additives (analytical grade) at a pH of 7, using four combinations of chemical additions:
• magnesium chloride (MgCl 2 ·6H 2 O) and monopotassium phosphate (KH 2 PO 4 )
• magnesium sulphate (MgSO 4 ·7H 2 O) and sodium phosphate (NaHPO 4 ·7H 2 O)
• MgCl 2 ·6H 2 O and NaHPO 4 ·7H 2 O
• MgSO 4 ·7H 2 O and KH 2 PO 4 .
The impact of pH on precipitation efficiency was evaluated between pH values of 6-10. The objective of these trials was to establish the efficacy of precipitation at neutral pH values, in contrast to alkaline conditions. The effects of temperature on precipitation efficiency were evaluated by submersion of samples in temperature-controlled water baths prior to, and during, precipitation events.
Poultry manure and poultry manure leachate from pilot scale mesophilic digesters (35°C ± 1°C) were characterised prior to precipitation trials to determine required dosage of precipitants (Tables 1 and 2 ). X-ray powder diffraction analyses (XRD) (Stoe powder diffractometer, Enraf Nonius F571 Cu rotating anode, Moxcet solid state detector) were employed to determine the compositional structure of the precipitates obtained, and confirm the presence of struvite. Data were collected over the two-theta range of 5-75° with a 0.01° step size and 5s period using Kα wavelengths. The rotating anode was run at 40 keV and 20 mA. Sample results were compared employing the t-test. A significance level of 5% was employed in all instances. In most cases, variances between sample populations were similar and thus passed the F-test, allowing utilisation of the pooled t-test. In instances where variances of sample populations were dissimilar, thus failing the F-test, Cochran's approximation to the Behren's Fisher t-test was employed (McBean and Rovers, 1998) .
Results and discussion

Identification of optimum magnesium and phosphate amendments (pH 7)
The impacts of various phosphate and magnesium precipitants on struvite formation were evaluated utilising four combinations of additives (see Table 3 ). Maximum TAN removal was observed with the addition of magnesium chloride (MgCl 2 ·6H 2 O) and monopotassium phosphate (KH 2 PO 4 ). Therefore, subsequent trials employed MgCl 2 ·6H 2 O and KH 2 PO 4 . The ratio of precipitate mass to TAN removal was inconsistent between trials, indicating the formation of co-precipitates (see Table 3 ). If struvite were the sole precipitant from solution, the ratio of TAN reduction to precipitate mass would be constant with all additive combinations. Table 3 Struvite precipitation of poultry manure leachate employing various chemical amendments (pH = 7) (n = 3) (mean ± standard deviation) 
Impact of pH and temperature on efficiency of struvite precipitation
The effect of pH on struvite precipitation was evaluated at pH values ranging from 6 to 10 (see Figure 2) . The results presented herein are similar to those obtained by Yetilmezsoy and Sapci-Zengin (2008) who observed optimal TAN and COD reduction at a pH of 9. However, TAN reductions at a pH of 7 (90.3%) were not significantly different (p < 0.05) from TAN reduction at a pH of 9. TAN reduction observed at a pH of 6 (73.8%) was significantly lower (p < 0.05) than other pH values assessed. These results indicate that precipitation can be carried out effectively at pH values ranging from 7 to 10. A significant difference in COD reduction was observed between pH values of 6 and 8 (p < 0.05). However, pH values ranging from 7 to 10 were not significantly different with regard to COD reduction. Therefore, struvite precipitation is shown to progress effectively under neutral reaction conditions. Precipitate mass and residual concentrations of COD, TAN and O-PO 4 (see Table 4 ) were assessed to determine the impact of pH on precipitation efficiency. The reduction of TAN residuals was the most important aspect of this evaluation, as reduction of TAN has been shown to improve biogas yield during the digestion of poultry manure (Farrow et al., 2015) . Precipitate mass is also an important characteristic to monitor, as nutrient recovery directly impacts economic feasibility. O-PO 4 residuals also require attention. Although O-PO 4 residuals do not directly impact digestion efficacy, they must be evaluated, and minimised, if digestate is to be utilised as a fertiliser. Data demonstrate that precipitate yield increases with pH. However, the ratio of precipitate yield to TAN reduction is not constant across all pH values evaluated. Hence indicating the formation of co-precipitants in addition to struvite. At pH values ranging from 8 to 10, there is insufficient evidence of a significant difference between the initial O-PO 4 concentration and the post-treatment O-PO 4 concentrations. However, at pH values of 6 and 7, residual O-PO 4 , within the leachate, is significantly higher (p < 0.05) than initial O-PO 4 concentrations, due to incomplete reaction with ammonium and the formation of co-precipitants. The relationship between initial TAN concentrations and precipitate yield was evaluated to assess whether initial TAN levels have an impact on struvite precipitation efficiency. The impact of pH and initial TAN on precipitate yield were evaluated at pH values ranging from 7 to 9, and initial TAN concentrations ranging from 2.8 to 5.6 g/L (Figure 3) . Results show a strong relationship between initial TAN and precipitate yield, indicating the formation of a product containing nitrogen. No significant difference, with regard to mass of precipitate, was observed between pH values of 7 and 9. The effect of temperature on struvite precipitation was evaluated between 10.5 and 29°C (see Figure 4) , to determine if ambient conditions impact TAN reduction. Conventional on-farm digesters utilise outdoor leachate storage, in which temperature varies seasonally. Therefore, the impact of ambient temperature on struvite precipitation is an important parameter to quantify. There was insufficient evidence for a significant difference, with regard to O-PO 4 and TAN residuals, within the leachate, between the temperatures evaluated. 
Impact of molar ratio on precipitation efficiency
The effect of molar ratio (ammonium:magnesium:phosphate; NH 4 :Mg:PO 4 ) was assessed to determine the impact of overdose/under-dose on leachate quality (Table 5) . A deficiency of either magnesium (N:Mg:P of 1:0.5:1) or phosphate (1:1:0.5) results in a significant (p < 0.05) decrease in TAN removal efficiency from the leachate, as expected.
With deficient molar ratios, struvite precipitation is suboptimal. However, underdose of phosphate results in a statistically significant (p < 0.05) decrease of phosphate residuals.
In contrast, underdose of magnesium results in significantly (p < 0.05) increased phosphate concentrations. Therefore, when employing struvite precipitation as a method of ammonia control at large scale, the authors recommend utilising a higher magnesium dose than that of phosphate; to ensure additional phosphate is not added to digestate. Phosphorous concentrations within digestate are of particular concern for land application.
Overdosing either of the additives (1:2:1) (1:1:2) had no significant benefit on TAN reduction. In fact, an overdose of phosphate significantly reduced TAN removal efficiency (p < 0.05). Similarly to the trials pertaining to underdosing (1:0.5:1), overdosing phosphate additives (1:1:2) resulted in a significant (p < 0.05) increase in O-PO 4 residuals and overdosing magnesium resulted in a significant (p < 0.05) decrease in O-PO 4 residuals.
These results indicate that variations in molar ratio provide a negligible benefit with regard to reduction of TAN. However, increasing the fraction of supplementary magnesium evidenced a significant (p < 0.05) decrease in phosphate concentration within the leachate. If phosphate levels are a concern for digestate land application, providing a higher magnesium dose will ensure additional phosphate removal.
Composition of precipitates
Precipitate composition was evaluated through x-ray diffraction (XRD) ( Figure 5 ) and parameter analysis (Table 6 ). Figure 5 indicates the formation of co-precipitants, when comparing the diffraction pattern of pure struvite to that of the samples obtained herein. Due to the drying method employed during quantification of precipitate yield, crystalline struvite may become x-ray amorphous (Kurtulus and Tas, 2011) . Hence, the diffraction pattern presented herein does not fully express all intensity peaks. The diffraction pattern of pure struvite evidences peaks in intensity, or strong lines, at 2° theta values of 15, 16, 16.5, 21.0, 21.5, 26, 30.8, 32 .0 and 33.2. The strong lines of the precipitate samples obtained herein occur at 2° theta values of 10.0, 18.7, 21.1, 30.6 and 31.9. There is a good correlation between the strong lines of struvite and the sample obtained herein at 2° theta values of 21.0, 30.6 and 31.9. However, the strong lines at 10.0 and 18.7 clearly indicate the formation of co-precipitates. Precipitate analyses (see Table 6 ) confirmed the presence of co-precipitates. The presence of calcium indicates the co-precipitation of a calcium-containing phase.
There are five crystalline species that can be formed from solutions that contain calcium and phosphorous: hydroxylapatite, octacalcium phosphate, monenite, tricalcium phosphate, and dicalcium phosphate dehydrate (Yilmazel and Demirer, 2011) . The most stable phase, and thus the most likely to co-precipitate with struvite, is hydroxylapatite. The presence of potassium within the solid-phase indicates the formation of co-precipitate containing potassium. Due to the fact that monopotassium phosphate (KH 2 PO 4 ) is a precipitant added, it is possible that a potassium salt is formed. Zhang and Lau (2007) also noted the presence of potassium within the precipitate, during struvite precipitation trials, and postulated the formation of K-struvite. The presence of potassium within the precipitate is beneficial, with regard to land application, as crops require potassium, in addition to nitrogen and phosphorous, for metabolic processes. However, the presence of potassium salts may decrease the economic value of the product due to a reduction in purity.
The low nitrogen content of the precipitate, in contrast to pure struvite (57,000 μg/g N), was an unexpected observation. The precipitate obtained in this study contained only 17,000 μg/g N. The low nitrogen content of the precipitate may be due to the volatilisation of TAN during the drying process. The concentration of magnesium and phosphorous within the precipitate were within one standard deviation of their expected values.
The results observed herein indicate that struvite precipitation from PM leachate is an effective means for the reduction of TAN, thus enabling more efficient AD. However, as evidenced, the formation of co-precipitates reduces the purity of the product. Therefore, reducing the economic viability of the process due to decreased product value.
Conclusions
Magnesium chloride (MgCl 2 ·6H 2 O) and monopotassium phosphate (KH 2 PO 4 ) are the most efficient combination of additives to reduce total ammoniacal nitrogen (TAN) in poultry manure leachate under neutral conditions (pH = 7). Precipitation at a pH of 7 is shown to progress efficiently (90.3% reduction of TAN), and is recommended for struvite precipitation from AD leachate, when employed concurrently with digestion, due to the adverse effects of high pH on anaerobic archaea. Modification of molar ratios (N:Mg:P) evidenced no significant benefit with regard to TAN reduction. Therefore, if TAN reduction is the exclusive goal, a molar ratio of 1:1:1 is recommended. However, increasing the fraction of supplementary magnesium, or decreasing the fraction of supplementary phosphate, evidenced a significant (p < 0.05) decrease in phosphate concentration within the leachate. Struvite precipitation is shown to be an effective means of TAN reduction, enabling more efficient AD of poultry manure but an ineffective means of producing a pure product due to the formation of co-precipitants in addition to struvite.
